On the other hand, using the SP IMN in Rx sides is less sensitive to load variation than using the PS IMN. In addition, a WPT system using the PS-PS IMN combination is less responsive to the cross coupling between Rx coils than that using the SP-SP IMN combination.
I. INTRODUCTION

I
MPEDANCE matching networks (IMNs) are essential for increasing power transfer efficiency in wireless power transfer (WPT) using magnetic fields [1] , [2] . IMNs using only capacitors are widely used. In particular, IMNs using series or parallel resonant capacitors in transmitting (Tx) and receiving (Rx) coils, which are called as S-S, S-P, P-S, or P-P IMNs, have been often adopted in WPT systems [3] - [10] . It is possible to increase the power transfer efficiency by eliminating reactance in the WPT system. In addition, the S-S IMN allows us to be able to analyze the WPT system intuitively. However, by using the S-S IMN only, it is difficult to perfectly match the impedance at both Tx and Rx sides simultaneously. IMNs, including inductors and capacitors, in series and parallel have been also reported [11] - [13] . However, at a higher frequency, the inductors in the IMNs are likely to be too bulky to be built in portable devices and make ohmic loss increase [11] . Hence, capacitive IMNs of combining series and parallel capacitors without inductors, i.e., series-parallel (SP) compensation or parallel-series (PS) compensation IMNs, are widely used in WPT systems. SP and PS IMNs have been also adopted in two representative global standardizations of Alliance for Wireless Power Consortium (A4WP) [14] and Wireless Power Consortium (WPC) [15] . Different operating frequencies in the standardizations are used, but they recommend SP and PS networks as IMNs. In addition, many research studies have been reported using SP and PS IMNs [16] - [19] . However, there is little information on the characteristics of IMNs with the combination of SP and PS networks, i.e., SP-SP, SP-PS, PS-SP, and PS-PS.
One important feature of magnetic resonance WPT is that multiple devices can be simultaneously recharged by using one Tx coil [6] - [9] , [15] , [20] - [24] . Hence, the WPT has been studied in many applications such as smart phones [12] and laptops [2] . In general, lithium-ion (Li-Ion) rechargeable batteries in portable electronic devices are charged at constant current (CC) until the battery voltage reaches the peak cell voltage and then are charged at constant voltage (CV) [25] . Due to this charging process, the battery can be regarded as a variable load depending on the charging capacity [4] , [14] . Since undesired load variation causes efficiency degradation of WPT systems [14] , the influence due to the load variation should be considered when multiple devices with different battery charging capacities are charged simultaneously.
In this paper, WPT systems with capacitive IMNs of SP and PS networks for charging multiple devices are analyzed in terms of power transfer efficiency and power division. Optimum capacitance values for perfect impedance matching are also derived. The power transfer efficiency and power division ratio among multiple devices considering the load variation are shown and compared according to the IMNs. 
II. ANALYSIS OF
. , N).
For theoretical derivation, cross couplings between Rx coils are neglected. In Section III-E, simulation and measurement considering the cross couplings will be shown. Z S is the characteristic impedance of a source. Z L_i (i = 1, . . . , N) denotes an equivalent load impedance of the ith Rx coil looking into a load from the IMN. The load may include a rectifier, a dc/dc converter, a battery charger, and a Li-Ion battery. In this paper, the equivalent load impedance is assumed to be variable real impedance in the same manner of previous studies [4] , [14] , [17] . For impedance matching at both Tx and Rx sides, SP or PS IMNs are adopted. 
B. Circuit Analysis of an Rx Coil With SP or PS IMNs
The loading impedance, including the parasitic capacitance C r_i of the ith Rx coil, is given by Here, Re(x) and Im(x) denote the real and imaginary of x, respectively.
C. Circuit Analysis of a Tx Coil With SP or PS IMNs
Input impedance at a Tx coil, including the reflected impedance of Rx coils, as shown in Fig. 3 , Z tx is as follows:
where the reflected impedance of the ith Rx coil Z refl_i is given by
Therefore, the input impedance at the Tx coil, including parasitic capacitance C t , Z tx is written from (4) as follows:
From (6), the input impedance at a source is, according to SP and PS IMNs, given by
, for PS network (7) where C st and C pt denote series and parallel capacitance values, respectively. Then, the transmission coefficient at a source is
Here, the characteristic impedance of the source Z S is assumed to be real impedance. From (8) , the input voltage is as follows:
From (7)- (9), the input power at a source is derived as follows:
Since power transfer efficiency can be obtained by the ratio of real impedances, the power transfer efficiency from the source to the load of the ith Rx coil can be achieved as follows:
where η S = P in /P S , with P S = V 2 S /(2Z S ). η t and η r_i represent the ratios between the resistance and reflected impedances at the Tx coil in Fig. 3 and between the resistance and real impedance at the ith Rx coil, respectively. Received power at the ith load can be obtained as follows:
The total power transfer efficiency is achieved by adding all power transfer efficiency values of (11) as follows:
D. Optimum Conditions in a Multidevice WPT System
To maximize power transfer efficiency for N Rx coils, the following conditions of A i and B i should be satisfied [20] :
When
, Z tx with optimum Z rx_i is rewritten from (4)-(6) as follows:
where
E. Optimum Capacitance Values for SP or PS IMNs
For the optimum conditions,
and B i = B opt i , the optimum capacitance values for the ith Rx coil with an SP IMN are derived by simple circuit analysis using (1)- (3) as follows:
By substituting (16)- (18) into (7) and using the conditions of Re(Z * in ) = Z S and Im(Z * in ) = 0, the optimum capacitance values for Tx are also obtained as follows:
In a similar way, for the PS IMN, the optimum capacitance values for the ith Rx coil and the Tx coil are written, respectively, as follows:
In both IMNs, sign of C p and C s should be chosen properly to be positive values simultaneously. The minus sign means that inductance is necessary to match the impedance. Hence, when the sign of C p and C s is minus, the inductance of (−1/ω 2 C) should be replaced with the capacitance for perfect impedance matching. That is, there is a limitation of the IMN using only SP and PS.
III. EXPERIMENTAL RESULTS
A. Measurement of Power Transfer Efficiency Values of Multiple Devices for Load Variation Using a Two-Port VNA
Power transfer efficiency values from a source to a load of each device are measured using an Agilent 4395A two-port vector network analyzer (VNA) [26] . In Fig. 4 , a schematic for measurement is presented. The unmeasured ports are connected with termination loads in measuring the power transfer efficiency from a source to a load.
When the load impedance of an Rx coil in measurement is not 50 Ω, i.e., 24 Ω or 150 Ω, the power transfer efficiency can be extracted using Agilent Advanced Design System (ADS) 2008 by using scattering parameters (S-parameters) measured when the load impedance is 50 Ω. In multidevice WPT systems, since the characteristics from a Tx to an Rx are the main concern, overall N measurements are necessary for N Rx coils.
At first, S-parameters between the Tx coil and Rx coil #1, including IMNs, can be achieved when the others are terminated by proper load impedances. In a similar way, measurements of S-parameters between the Tx coil and Rx coil #2 and the Tx coil and Rx coil #3 are also performed when the unmeasured Rx coils are terminated with their load impedances. In Fig. 4 , S tt denotes the reflection coefficient at Tx. S 1t , S 2t , and S 3t denote S-parameters from the Tx to Rx coils #1, #2, and #3, respectively. The power transfer efficiency of the ith Rx coil is obtained by |S it | 2 using the measured S-parameters. In the measurement, 1608-size RF chip resistors are used for the termination loads. is a planar circular spiral coil with 10 turns, 2-mm pitch, and 23.5-mm radius. All Rx coils are identical and made of printed circuit board with a rectangular cross section of 1 mm × 0.2 mm.
B. Fabrication of Tx and Rx Coils
Three different cases are considered in the experiment. Fig. 5(a) shows the measurement setup for WPT to a single device where only Rx coil #1 is placed at the center. Fig. 5(b) is the setup for WPT to two devices with the same radial displacement where both Rx coils #1 and #2 are placed at ρ = 60 mm. Fig. 5(c) shows WPT to three devices with different positions where Rx coils #1, #2, and #3 are placed at ρ = 60 mm, 0, and 50 mm, respectively.
The operating frequency of 6.78 MHz is used. A VNA, Agilent 4395A, is used to measure resistances of coils. An LCR meter, GW Instek G8110G, is used to measure self-and mutual inductances of coils. The measured resistance, self-inductance, and parasitic capacitance of the Tx coil are 0.919 Ω, 6.332 μH, and 5 pF, respectively, whereas those of an Rx coil are 0.704 Ω, 2.361 μH, and 4.5 pF, respectively. The gap between the Tx and Rx coils in all cases is 12 mm. Measured mutual inductances between the Tx and Rx coils are 201 nH at ρ = 0, 269 nH at ρ = 50 mm, and 305 nH at ρ = 60 mm. Fig. 7(b) and (f) .
C. Case 1 (WPT to a Device)
With the SP-PS and PS-PS combinations, the power transfer efficiency of Rx coil #1 η rx_1 decreases with increasing Z L1 , whereas the power transfer efficiency of Rx coil #2 η rx_2 increases with increasing Z L1 . On the other hand, with the SP-SP and PS-SP combinations, there is little change in η rx_1 and η rx_2 compared with the SP-PS and PS-PS combinations. This means that stable power transfer efficiency can be achieved with the SP-SP or PS-SP combinations.
From a practical viewpoint, an increase in the load impedance denotes that a Li-Ion battery is almost charged, whereas a decrease in the load impedance represents that a battery is almost discharged. Hence, it should be noted that the use of a PS IMN at Rx is more applicable for a WPT system for charging two devices where more power should be delivered to lower load impedance and lower power is delivered to higher load impedance. In contrast, an SP IMN at Rx sides becomes a good candidate for a WPT system that should be less sensitive to load variation. In Fig. 8(a) and (b), the calculated power transfer efficiency of Rx coil #1 is the highest followed by that of Rx coil #3 and Rx coil #2; the efficiency changes little, irrespective of variations of Z L1 . However, in Fig. 8(b) , measured efficiency of Rx coil #2 η rx_2 is slightly higher than that of Rx coil #3 η rx_3 . This is because cross coupling affects power transfer efficiency values [6] , [7] . The simulated results, considering cross-coupling effects, are more consistent with the measured results than with the calculated results, with no consideration of the cross coupling. Nevertheless, the calculated results are mostly in agreement with the measured results.
The PS-PS IMN combination has significantly different characteristics compared with the SP-SP IMN combination. In Fig. 8(c) and (d) , η rx_1 decreases with increasing Z L1 , which is similar to the results using a PS IMN at Rx sides in case 2, whereas η rx_2 and η rx_3 increase. In Fig. 8(d) , Rx coil #2 with 0.48Z 0 has higher power transfer efficiency than Rx coil #3, although M 3 > M 2 . An Rx coil with the highest load impedance of 3Z 0 has the lowest power transfer efficiency in Fig. 8(c) and (d) . It should be pointed out that more power to a device with lower load impedance in a WPT system using a PS-PS IMN combination can be transferred regardless of the number of devices. In addition, a WPT system using the PS-PS IMN combination is slightly affected by cross coupling compared with that using an SP-SP IMN combination. Fig. 9 shows calculated, simulated, and measured power transfer efficiency values when Z L1 = Z L2 = Z L3 = Z 0 for case 3. To verify the measurement of S-parameters using a VNA, output power is measured using a spectrum analyzer (HP 8563E) after feeding 23 dBm of power using a function generator (Agilent 33521A). From top to bottom in the figure, each patterned bar denotes η rx_1 , η rx_2 , and η rx_3 . As shown in the figure, the measured results using the VNA are consistent with the calculated results and the measured results using the spectrum analyzer.
IV. CONCLUSION
Power transfer behaviors of WPT systems using capacitive IMNs of SP and PS combinations are reported for charging multiple devices simultaneously using one Tx coil. To design the systems, the optimum capacitance values have been pre- sented for SP-SP, SP-PS, PS-SP, and PS-PS IMN combinations. The theoretical results are well verified with measurement using a VNA, as well as a power source and a spectrum analyzer.
It is shown that, in a WPT system using SP and PS IMNs, WPT behavior according to load variation changes based on the IMN at an Rx. For example, for a WPT system using the PS IMN at an Rx, input power is divided into each device automatically depending on the load impedance of each device. That is, the device of a lower load impedance receives more power. On the other hand, the power transfer efficiency of each device in a WPT system using the SP IMN at the Rx is less sensitive according to load variation where the efficiency is mainly related to mutual inductance between the Tx and Rx coils. Furthermore, using a PS IMN at an Rx is more effective than an SP IMN for reducing the influence of the cross coupling between neighboring Rx coils. It is also pointed out that, since a WPT system for charging multiple devices simultaneously has different characteristics according to the combination of SP and PS IMNs, as shown in this paper, SP or PS IMNs should be properly adopted depending on the applications.
